Although Clostridium bifermentans was first isolated by Tissier & Martell y in 1902, and C. sordellii by Sordelli in 1922, the taxonomic relationship of these two organisms is still the subject of controversy. The use of either of two criteria (cultural and biochemical character or pathogenicity) for the separation of C. bifermentans and C. sordellii, together with the failure of many American and British bacteriologists to recognize their existence as separate species, has given rise to much confusion. In the English-language literature most authors combine the two species under the name C. bvermentans (noting the existence of C. sordellii as a pathogenic variety) and quote a description including features of the two organisms only some of which are common to both. Most French workers recognize the existence of the two species, mainly on serological grounds, but the evidence they present is based on the examination of very few C. sordellii strains.
To confuse the matter further, each species has been described under a t least three names. The original isolate of Clostridiurn bifemzmtans was named Bacillus bifermentans qorogenes (Tissier & Martelly, 1902) and later re-named B. bifermentuns (Weinberg & Skguin, 1918) , in accordance with the principle of binominal nomenclature. In 1922 Hall examined a number of alleged B. bifermentans strains and found some to be non-motile (as in the original description) and others to be motile; for the latter he proposed the creation of a new species, B. centrosporogenes. Consequent on the demonstration of motility in young cultures of B. bifermentans (Levenson, 1936) , the two species were recombined (McCoy & McClung, 1986; Clark & Hall, 1937) . C. sordellii was originally named B. oedematis sporogenes (Sordelli, 1922) , and was renamed B. sordellii by Hall & Scott in 1927. In the same year Meleney, Humphreys & Carp (1927) isolated an anaerobic bacillus which they considered to be a new species and named B. oedematoides, and which was later shown to be IP: 54.70.40.11
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The genus Clostridium 145 identical with B. sordellii (Humphreys & Meleney, 1927-8;  Hall & Scott, 1931 ).
The first suggestion that Clostridium bgermentans and C. sordellii might be regarded as one species appears to have been made by Stewart (1938) on cultural and serological grounds, although in 1937 Clark & Hall had already demonstrated cross-agglutination between the two species, and noted the ability of C. bifmmentans antisera to confer some protection against challenge with C . sordellii. The latter authors, however, considered that C. sordelliimerited species status because of its marked pathogenicity. Lillie (footnote, 1938) referred to the work of Clark & Hall and of Stewart, but did not think that the two species had been fully established as identical. Since Stewart's paper of 1938, the concept of C . bqermentans and C . sordellii as a single species seems to have been generally accepted by British and American workers, including Smith (1955), and the authors of the relevant sections of Bergey's Manual (1957), Topley and Wilson's Principles (1955) and Reed (1952 Prevot & Cordier (1941) studied the metabolism of the two species, and, although they found them to be virtually identical in this respect, considered that the pathogenicity of C . sordellii justified its species status. In 1952 Huet & Aladame, using the urease test of Roland, Bourbon & Szturm (1947) , noted the production of urease by C. sordellii. Tardieux & Nisman (1952) , as a result of serological studies of extracts of C . bifermentam and C . sordellii cultures, concluded that the species were distinct although immunologically closely related. Tataki & Huet (1953) examined a number of C. bgermentans and two C . sordellii strains serologically and for urease production. They were able to distinguish two serological groups, one comprising all the urease-positive strains including some which had been assigned to C. bqermentans (presumably on the grounds of non-pathogenicity), and the other consisting of the urease-negative C. bifermentans, together with two strains of the latter species in which the urease reaction was doubtful. They concluded that all the urease-positive strains, including those lacking pathogenicity, should be regarded as C. sordellii. This concept of C . sordellii and C. bi&rmentuns as two distinct species, the former characterized by urease production and variable as regards pathogenicity, and the latter non-urease producing and non-pathogenic, is upheld by Prevot (1955). Prevot (1957) described C. sordellii as rods, 3-0-5a0,~ by 1.2-1 . 5 ,~ ; motile ; forming arborescent colonies in deep agar; fermenting glucose, fructose, and maltose, but not glycerol or sorbitol; pathogenic; highly toxigenic; and producing urease. C. bgermentans was described as rods, 5.0-6.0p by 0-8-1.0,~; motile ; forming clustered lenticular or raspberry-like colonies in deep agar; fermenting glucose, fructose, maltose, glycerol and sorbitol ; non-pathogenic ; non-toxigenic ; and non-urease producing. PrCvot also stated that C. sordellii was more strongly proteolytic than C . biferrnentans I0 G. Microb. XXI although protein metabolism followed the same pattern in both species; that neither species produced nitrites from nitrates ; and that some strains from each were haemolytic and produced lecithinase. Recently Meisel & Rymkiewicz (1 958), investigating the antigenic properties of spores of proteolytic clostridia, found no trace of cross-agglutination between C . sordellii and C. bifmentans spore suspensions and spore-antisera.
The investigations reported below were undertaken to elucidate the relationship of Clostridium sordellii and C. bifermentans in the course of general taxonomic study of the genus Clostridium (as defined in Bergey's Manual, 1957) .
METHODS

Strains examined
Sixty-two cultures obtained from various sources were studied. To simplify the tabulation and discussion of results the strains will be grouped under three headings :
Clostridium bifermentans : those strains which are non-pathogenic and nonurease producing, resembling the type strain (Tissier & Martelly) . Twentyfour strains were examined; National Collection of Type Cultures, nos. 
Fermentation reactions
Media. Fermentation of carbohydrates was examined in a peptone water medium containing the carbohydrate under test at 1-0 yo (w/v) concentration, and 0.2 Yo (v/v) of a 6.0 % (w/v) solution of bromocresol purple. The medium was dispensed in ioz. screw-cap bottles, and iron strip added to promote reducing conditions. The carbohydrates used for the tests were arabinose, rhamnose, xylose, glucose, fructose, galactose and mannose ; lactose, sucrose, maltose and trehalose; raffinose, inulin, dextrin, glycogen and starch; glycerol, adonitol, mannitol, sorbitol, dulcitol and inositol ; salicin and aesculin.
Inoculation and incubation. The peptone water sugars were inoculated with 24 or 48 hr. Robertson's meat broth cultures, and incubated at 87" for 2 weeks, Method of testing. Cultures were examined for the production of acid and gas, Universal Indicator (British Drug Houses Ltd., Poole) being added where the bromocresol purple had been decolorized. The pH value of cultures in aesculin peptone water were checked potentiometrically, and a reading of less than pH 6.5 was recorded as positive for acid production.
Proteolytic reactions
To demonstrate proteolytic activity strains were grown in media containing, respectively, gelatin, casein, coagulated serum, azocoll (Oakley, Warrack & van Heyningen, 1946) , meat particles and coagulated egg albumin.
Titration of gelatinase activity. The substrate used was a 10 yo (w/v) solution of gelatin in distilled water, with the addition of Congo red, and 0-5 yo phenol as preservative. The reagent was stored in the cold and melted by warming to about 40" immediately before use.
Doubling dilutions of samples of 48 hr. cultures were added in 1.0 ml. amounts to 1.0 ml. of the gelatinase reagent. After thorough mixing, as shown by the even distribution of the Congo Red colour, the mixtures were incubated at 37' for 18 hr., then placed at 4" for 1 hr., and the results read at this temperature.
Chromatographic examination of Clostridium bifermentans and
C. sordellii cultures Twenty-five ml. volumes of the chromatographic medium of Woiwod & Proom (1950) and of Robertson's meat broth were used for this study. Both broth and agar surface cultures were used as inocula. Incubation was a t 37" (in an anaerobic jar in the case of the chromatographic medium) and the cultures were tested after 1, 3 and 7 days.
The solvent used for chromatography was butanol+acetic acid, and the chromatograms were sprayed with ninhydrin for general examination, and with Pauley's diazo reagent for histidine and related compounds.
Urease production
Cultures were grown for 24 and 48 hr. at 37" in 20 ml. amounts of Robertson's meat broth. A few strains from each group were also grown in 100 ml. amounts of a similar medium and tested daily for 4 days.
The reagent used was a slightly modified version of that of Roland, Bourbon & Szturm (1947) and Huet & Madame (1952) , and was made up as follows: 0.1 g . KH,PO,; 0.1 g. K,HPO,; 0-5 g. NaCl; 2.0 g. urea; 1-0 ml. 95 yo (v/v) 10-2 ethanol in water; 100 ml. distilled water; 5.0 ml. Universal Indicator; sufficient 0.1 N-HC~ to give an orange colour (about pH 6.0).
A 2.5 ml. sample of the culture under test was transferred to a test tube (80 mm. x 8.0 mm.) and centrifuged. The supernatant fluid was discarded and the sediment washed once in 1.0 yo (wlv) saline and finally resuspended in 1.0 ml. distilled water. One ml. of urease reagent was added and, after thorough mixing, the test was incubated at 37".
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Various biochemical reactions Indole production. Twenty-four-and 48-hr. cultures in Robertson's meat broth were examined for indole production by means of Ehrlich's reagent and by the vanillin test (Spray, 1936) .
Bromocresol purple milk. Cultures were incubated at 37' for 1-14 days. Nitrite production. All strains were grown in nitrite-free broth containing potassium nitrate and incubated at 37" for 2-3 days. Cultures were examined for the presence of nitrites by means of sulphanilic acid and diphenylamine in acetic acid.
Voges-Proslcauer and Methyl Red tests. All strains were grown for 24 and 48 hr. in glucose phosphate broth, and tested for the production of acetylmethylcarbinol by O'Meara's modification of the Voges-Proskauer test, and for acid production by the addition of methyl red.
Toxin production and pathogenicity Lecithovitellin plates. All strains were grown on agar plates containing lecithovitellin (Macfarlane, Oakley & Anderson, 1941) with or without the addition of Clostridium welchii a-antiserum. Incubation was in anaerobic jars at 37" for 24 hr.
Blood agar plates. All strains were grown on horse-blood agar plates incubated in anaerobic jars at 37' for 24 hr.
Haemolysin and lecithinuse production in broth cultures. All strains were examined after growth for 6 and 24 hr. in 100 ml. volumes of broth containing meat particles. Thiomersalate at 0.01 yo (w/v) concentration was added to all cultures before testing.
Bu&r solutions. The buffer solutions used were saline containing CaC1, and gelatin (' cagsaline '), cagsaline with the addition of Clostridium melchii antiserum to give a final concentration of 5.0 a units/ml., borate buffer saline, 'phosthio' buffer (see below) and sodium acetate buffer. The genus Clostridium 149 water add 0-1 ml. thiolacetic acid, adjust pH to 6.5 with N-NaOH, and make up to 25 ml. with ~/ 5 phosphate buffer (pH 6-5). Sodium acetate bu@r (Oakley, Warrack & Clarke, 1947) : to 27-2 g. sodium acetate in 1 1. distilled water add 50 ml. of 5.0 yo (v/v) acetic acid in 1.0 yo saline.
Procedure. One ml. of culture was added to 0-5 ml. of each of the five buffers; these mixtures were made up in triplicate. To one set of mixtures was added 0.5 ml. of a 1/10 suspension of sheep red blood cells, to another 0.5 ml. of a 1/10 suspension of horse red blood cells, and to the third 0.5 ml. of lecithovitellin (a suspension of egg-yolk in saline). After thorough mixing all tests were incubated in a water bath at 37" for 2 hr. and then left a t room temperature for 16 hr. after which the results were read.
Animal tests
Media and incubation. All strains were inoculated into 100 ml. amounts of broth containing meat particles and incubated a t 37" for 24 hr. Some strains from each group were also tested after incubation for 6 hr. Thiomersalate to 0.01 % (w/v) final concentration was added to all filtrates and supernatant fluids, but not to cell suspensions.
Intravenous injections. Culture filtrates were injected intravenously into mice in 0.5 ml. amounts. Strains which failed to kill were retested using supernatant fluids from centrifuged cultures. Filtrates and supernatant fluids were injected very slowly since both contained some factor which caused profound shock or death on rapid intravenous injections.
Ifitruderrnal irzjections. Culture filtrates, undiluted and diluted 1/5 and 1/25 in broth were injected intradermally into guinea-pigs in 0.25 ml. amounts. The results of the injections were read after 1 and 2 days.
Intramuscular ifijection.
Suspensions of twice-washed bacteria in 1-0 yo saline containing 0.5% (w/v) calcium chloride were injected into the hind legs of mice in 0-5 ml. amounts. All dead mice were examined for the characteristic signs of Clostridium sordellii infection.
Morphology of colonies and bacteria
Morphology of colonies. All strains were grown on horse-blood agar plates containing 1-8yo (w/v; normal) and 300% (w/v; stiff) New Zealand agar, and containing 5.0y0 (v/v) horse blood. Inoculated plates were incubated in anaerobic jars for 24 and 48 hr.
Morphology of bacteria. Twenty-four-and 48-hr. agar surface and broth cultures were examined. Measurements of the size of the bacteria were made on heat-fixed Gram-stained films using a grid eye-piece. Films stained by Giemsa's, Muir's, and the Alcian-blue + carbol fuchsin and phosphomolybdic acid + methyl green methods were also examined.
RESULTS
Fermentation reactions
The results of the fermentation tests are shown in Table 1 . The fermentation of mannose, sorbitol and salicin clearly differentiated the Clostridiwm bifemntans strains from those of the two C . sordellii groups, although one C . bqermentans strain failed to fement sorbitol, and another salicin. Aesculin was fermented by only half of the C . bifermentans strains and was therefore less useful for differentiation. The present results are not wholly in agreement with many reported elsewhere. Many discrepancies are because some workers have regarded C . bifermentans and C . sordellii as a single species, and because others have used pathogenicity as the sole criterion for species separation, and thus including urease-positive strains in C. bifmentans. The production of acid and gas from glycerol by all but two of the C . sordellii strains (those which produced gas only) was contrary to the observations of Prdvot and of several other workers; no explanation can be suggested for this discrepancy. Proteolytic reactions All strains digested casein, coagulated serum, azocoll, meat particles and, to a lesser extent, coagulated egg albumin which was blackened by all strains but only completely digested by a few.
GeZatinuse activity. All strains liquified gelatin and a rough quantitative measurement of gelatinase activity was made in an attempt to confirm Prdvot's observation that Clostridum bifermentans produced less gelatinase than C . sordellii. The results are shown in Table 2 . The results obtained did not suggest a constant difference between the three groups in respect of gelatinase activity, although the Clostridum bifermentans strains tended to produce the most gelatinase. However, this group showed the widest variation in gelatinase production and included some of the least active strains. The genus Clostridium 151 and consistent differences between the Clostridium bijkrmmtans and the C . sordellii cultures. The most obvious difference was the absence of histidine from the C . bqermentam cultures and its presence in large amounts in both pathogenic and non-pathogenic C . sordellii. Urease production The speed at which positive reactions developed varied with the amount of urease produced. All the urease-producing strains gave positive results within 4-5 hr., although the strength of the reactions increased up to 48 hr., with colour changes through yellow-green, green and blue-green to blue in strongly positive strains. Tests negative at 5 hr. were still negative at 72 hr. All strains gave unequivocal results which were consistently reproducible ; replicate cultures of any strain gave virtually the same final colour. In the urease positive strains (by definition Clostridium sordellii) no correlation was observed between pathogenicity and the strength of the urease reaction. An unexpected observation made in the course of these tests was that many C . bifermentans strains had the ability to suppress the positive urease reactions when grown as mixed cultures with C. sordellii. This inhibition was confirmed on several occasions and might easily mask the presence of C. sordellii if the urease reaction were used as a 'diagnostic' test with a naturally occurring mixture of the two species. No inhibition was observed when washed sediments or supernatant fluids of C . bifermentans cultures were added to C. sordellii sediments immediately before testing. As indicated in Table 1 , the subdivision of the bifermentans/sordeEZii complex on the basis of urease production agreed with subdivision based on fermentation reactions.
Chromatographic ezamination of cultures
Various biochemical reactions I d o l e production.
All strains in each of the three groups produced indole, although six of the twenty-four strains of Clostridium bifmmntans gave very weakly positive reactions. A number of strains in each group were also tested after growth for 8 days; all the C . bifermntam cultures gave negative, and the C . sordellii cultures positive reactions with Ehrlich's reagent and the vanillin test. None of the strains gave a vanillin violet reaction.
Bromocresol purple milk. All strains tested clotted and then digested the milk. The speed and extent of digestion of the clot, decolorization of the indicator and the amount of acid produced were variable but apparently uncorrelated with urease production. Tozin production arnd pathogenicity Lecithovitellin plates. Most strains in each group produced weak to moderately strong precipitation, which was in all cases inhibited by the addition of Clostridium welchii a-antiserum. No colonies were lustrous.
Blood agar plates. Most cultures of each of the three groups were haemolytic, although in some the degree of haemolysis was very slight and did not extend beyond the edges of the colonies. A few strains in each group were consistently non-haemolytic.
Haemolysin and lecithinme production in broth cultures. There was little or no difference between the groups in respect of the production of haemolysins and lecithinases. None of the Clostridiurn bifermentans strains haemolysed sheep cells in any of the buffers, but apart from this observation, which requires further investigation, the results generally confirmed the observations of Miles & Miles (1947) , Macfarlane (1948) , Prdvot & Capponi (1949) and Prdvot & Malgras (1950) that some strains of each species produce haemolysins and lecithinases which are immunologically related to the a-lecithinase of C . welchii. No differences between the three groups were observed.
Animal tests. None of the urease-negative cultures (Clostridium bifermentans) showed any lethal, dermonecrotic or pathogenic properties. Thirteen of the urease-positive strains (C. sordellii (P)) were rapidly lethal on intravenous injection, elicited the production of characteristic C. sordellii skin lesions (central purple-brown necrotic area with surrounding and underlying massive oedema), and caused death within 18 hr. when injected intramuscularly. The remaining twenty-five urease-positive strains ( C . sordellii (N-P)) showed no lethal, demonecrotic or pathogenic activity, and were indistinguishable by animal tests from the urease-negative strains. The fact that strongly lecithinase-positive 6 hr. culture filtrates of C. bvermentans and C. sordellii (N-P) strains were non-toxic agreed with the observations of Miles & Miles (1947) that the lecithinases of these species are considerably less toxic than the immunologically closely related a-lecithinase of C . zuelchii.
Morphology of colonies and bacteria
Morphology of colonies. The colonies of Clostridium sordellii and C . bifermentans were frequently so dissimilar that it would have been possible to assign most strains to their correct species on appearance alone. On normal plates (1.8 yo (w/v) New Zealand agar) even after thorough drying, the C . SOTdellii colonies tended to spread, forming a continuous film with a characteristic marbled pattern. On stiff plates (3 yo (w/v) New Zealand agar) they tended to form lozenge-shaped colonies, the long axes of which followed the direction of streaking. These colonies were greyish white, translucent in young cultures but became more opaque with the onset of spore formation, with crenate to coarsely rhizoidal margins, and peaked and ridged contours. The C. bifermentans strains formed opaque, white to yellowish, more or less circular, low convex or flattopped colonies with entire to slightly undulate margins. They showed no tendency to spread except on very wet normal agar plates. The differences between C. bifermentans and C. sordellii colonies are shown in P1. 1.
Morphology of bacteria No morphological differences between the bacteria of the three groups were observed. Rods of all strains were within the size range c. 0-6-1-Op width by 2-0-6-Op length, and all were strongly Grampositive. There was no difference between groups in respect of the occurrence, shape, position or size of spores, which were cylindrical to oval, central to subterminal, and did not noticeably swell the rods.
DISCUSSION
In the light of the investigations detailed above, and of the findings of other workers, particularly those reported in the Annules de I'Institut Pastew, it is clear that two distinct groups, differing consistently in respect of a number of characters, exist within the bij'ermentanslsordellii complex. The only question, therefore, is whether these differences are sufficiently great to merit the raising of the groups to species status. The criteria for species separation within the Eubacteriales, particularly in the case of the pathogenic organisms, are somewhat variable. However, it is difficult to justify the inclusion within the same species of organisms differing in colony morphology, fermentation of carbohydrates, protein metabolism and urease production, especially when these differences are correlated with serological groupings (Tataki & Huet, 1953; Tardieux & Nisman, 1952; Meisel & Rymkiewicz, 1958) . The separation of Clostridiurn bifermentans from C . sordellii (using urease production and fermentation reactions as criteria) would therefore seem inevitable. The question then arises as to the validity of using pathogenicity for subdividing the strains assigned to C. sordellii. Pathogenicity, unsupported by other characteristics, is not a satisfactory criterion for species separation, since it is frequently lost, especially after repeated subcultivation. There are several known non-pathogenic subcultures derived from Sordelli's presumably originally pathogenic isolate ' 82 '. Thus there appears to be scant justification for granting separate species status to the pathogenic and non-pathogenic urease-positive strains, and the inclusion of both within C . sordellii (as suggested by Tataki & Huet, 1953 , and Prdvot, 1955 , 1957 , would not prejudice further subdivision if future research showed this to be desirable, 
